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^ This  document  is  the  final  summary  report  on  a series  of  high 

, explosive  multiburst  detonations  which  were  carried  out  as  part  of  Pro- 

ject DIPOLE  WEST.  The  series  was  detonated  during  the  summers  of  1973, 
1974,  and  1975  at  the  Defence  Research  Establishment,  Suf field  (DRES) 

. in  Alberta,  Canada.  A number  of  earlier  reports  have  been  published 

j presenting  the  data  obtained  from  these  tests.  The  present  report  sum- 

'<■  ^ marizes  this  information  and  discusses  conclusions  reached  as  a result 

I ^ of  analysis  of  the  data. 

I The  DIPOLE  WEST  project  and  subsequent  analysis  were  sponsored 

by  the  Defense  Nuclear  Agency  (DNA)  and  were  executed  under  the  direct 
management  of  Mr.  James  F.  Moulton,  Jr.,  Chief,  Aerospace  Systems  Divi- 
sion, DNA.  The  staff  at  DRES,  along  with  Mr.  A.P.R.  Lambert,  Canadian 
General  Electric,  provided  expert  assistance  and  excellent  support  dur- 
ing fielding  of  the  project.  This  support  is  gratefully  acknowledged, 
j Participants  with  major  responsibilities  in  data  collection  and  analy- 

sis were  Dr.  John  Dewey,  University  of  Victoria;  Mr.  Charles  Needham, 
Air  Force  Weapons  Laboratory;  and  Mr.  John  Wisotski,  Denver  Research 
Institute . 
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Chapter  1 


INTRODUCTION 


1 . 1 Background 

Over  the  past  five  or  six  years,  interest  of  the  defense  com- 
munity has  been  turning  away  from  consideration  of  the  effects  of  large, 
devastating  nuclear  encounters  toward  consideration  of  "tactical"  con- 
flicts, in  which  a number  of  smaller  weapons,  specifically  designed  to 
destroy  or  damage  certain  targets,  would  be  fired  by  both  sides.  This 
new  interest  opens  questions  which  had  previously  been  of  only  periph- 
eral significance,  and  requires  a whole  new  spectrum  of  nuclear  effects 
information. 

One  area  in  which  there  has  been  considerable  interest  is  that 
of  multiburst  phenomena.  If  two  (or  more)  weapons  are  detonated  at  the 
same  or  nearly  the  same  time  in  tne  same  general  vicinity,  how  will  the 
nuclear  effects  combine  to  produce  the  environment  that  is  experienced 
by  the  target?  It  is  obvious  that  a large  number  of  battle  scenarios 
are  possible.  In  attempting  to  answer  the  question,  many  scenarios 
have  been  studied  using  computer  codes  to  model  the  various  detonations. 
The  results  have  been  consistent  for  the  most  part  if  a quality  model 
is  used,  and  a high  degree  of  confidence  is  placed  on  these  results. 

Models,  however,  should  always  be  subject  to  experimental  veri- 
fication. It  is  n t feasible,  of  course,  to  reproduce  the  postulated 
nuclear  encounter  by  detonating  a series  of  nuclear  weapons.  Certain 
effects  of  interest,  however,  specifically  air  blast  effects,  can  be  well 
simulated  using  conventional  high  explosives  such  as  TNT  or  pentolite. 
With  this  in  mind,  the  multiburst  phases  of  the  DIPOLE  WEST  experimen- 
tal test  series  were  planned.  The  overall  objective  was  to  verify  and 
develop  the  Low  Altitude  Multiple  Burst  (LAMB)  computer  model  (Refer- 
ence 1),  and  at  the  same  time  to  obtain  some  experimental  information 
about  shock-fireball,  shock-shock,  and  shock-ground  surface  interac- 
tions in  a multiburst  situation, 

1.2  The  DIPOLE  WEST  Multiburst  Program 


Specific  experiments  were  conducted  with  charges  weighing  490 
kilograms  (1080  pounds)  and  98  kilograms  (216  pounds)  under  a Defense 


1.  C.  E.  Needham  and  L.  A.  Wittwer,  "The  Air  Force  Weapons  Laboratory 
Low  Altitude  Multiple  Burst  (LAMB)  Model,"  AFWL-DYT-7 5-2 , Air  Force 
Weapons  Laboratory,  Kirtland  Air  Force  Base,  New  Mexico  87117  (un- 
published) . 
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Nuclear  Agency  (DNA)  sponsored  program.  Both  pentolite  and  TNT  charges 
were  used.  The  program  was  carried  out  at  the  Defence  Research  Estab- 
lishment, Suffield  (DRES)  near  Medicine  Hat  in  Alberta,  Canada,  between 
the  summer  of  1973  and  the  spring  of  1975.  The  experimental  program 
was  divided  into  three  phases,  as  outlined  in  Table  1.1. 

In  the  first  phase,  two  charges  were  detonated  in  the  same 
horizontal  plane.  An  illustration  of  the  shock  interactions,  with 
each  other  and  with  the  ground,  for  a horizontally  separated  two-charge 
detonation  is  given  in  Figure  1.1.  Charge  separation  distances  of 
approximately  one,  two,  and  three  fireball  radii  were  used  for  this 
phase.  The  fireball  radius  for  a 454-kilogram  (1000-pound)  detonation 
is  about  15.2  metres  (50  feet).  The  three-fireball-radius  separation 
event  was  actually  fired  with  a distance  between  charges  of  50.5  metres 
(165  feet)  in  order  to  insure  that  pressure  equilibrium  of  the  fireballs 
would  be  attained  before  the  shock  wave  from  the  adjacent  burst  arrived 
at  the  fireball  surface.  The  first  phase  was  designed  to  examine  the 
effects  of  an  incident  shock  wave  on  fireball  deformation  and  on  fire- 
ball rise  characteristics.  The  effects  of  neighboring  fireball  flow 
fields  on  fireball  rise  and  expansion  were  also  of  interest.  The 
charges  were  detonated  at  heights  of  approximately  40  metres  (130  feet) 
so  that  ground  reflections  during  the  early  stages  of  the  interaction 
could  b;  neglected. 

In  the  second  phase,  the  charges  were  placed  one  above  the 
other  in  a vertical  plane.  This  arrangement,  first  used  by  the  Swed- 
ish scientists  Karlsson  and  Wagner  (Reference  2) , provides  both  an 
ideal  and  a real  shock  reaction  plane  when  the  charges  are  detonated 
simultaneously.  The  real  plane  is  the  ground  surface,  and  the  ideal 
plane  lies  midway  between  charges,  perpendicular  to  a line  joining 
the  charge  centers.  A three-dimensional  visualization  of  the  shocks 
produced  by  the  simultaneous  detonation  of  two  vertically  separated 
charges  is  shown  in  Figure  1.2.  A lack  of  symmetry  caused  by  the 
fact  that  the  line  joining  the  two  charge  centers  may  not  be  exactly 
vertical  has  been  exaggerated  in  the  diagram. 

The  Phase  II  experiments  utilized  vertical  charge  separation 
distances  of  approximately  15.2  metres  (50  feet)  and  9.1  metres  (30 
feet) . The  height  of  the  lower  charge  above  the  ground  was  in  each 
case  approximately  half  the  charge  separation  distance.  These  experi- 
ments were  designed  to  examine  shock  interactions  from  real  and  ideal 
reflecting  surfaces  as  well  as  to  investigate  shock/fireball  interac- 
tions and  fireball  growth  and  rise.  The  smaller  charge  separation 


2.  A.  Karlsson  and  H.  Wagner,  "Photographic  Study  of  the  Reflection 
of  Spherical  Shock  Waves,  Mach  Front  Formation,  and  Front  Veloci- 
ties," August  1961.  Translation  by  SCITPAN  (Scientific  Translation 
Service) , Santa  Barbara,  California  93108. 
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Table  1.1.  Events  Comprising  DIPOLE  WEST  Multiburst  Test  Series 
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Shock  Interactions  for  the  Horizontally-Separated.  Two-Charge  Configuration 


distance  experiments  were  performed  to  obtain  information  in  the  strong- 
shock  interaction  region. 

Two  types  of  real  reflecting  surfaces  were  used.  The  surface 
for  the  first  three  shots  in  Phase  II  was  the  original  hard,  smooth 
prairie  soil.  For  the  last  two  shots,  the  ground  was  plowed  and  fur- 
rowed to  provide  a soft,  rough  surface.  Illustrated  in  Figure  1.3  are 
triple-point  paths  and  shocks  resulting  from  detonation  over  the  two 
types  of  surfaces.  Details  are  given  in  Reference  3. 

The  Phase  III  experiments  were  designed  to  provide  information 
on  the  shock  interaction  effects  of  non-simultaneous  detonations.  Pen- 
tolite  charges  containing  98  kilograms  (216  pounds)  of  explosive  were 
used  in  Phase  III.  In  these  experiments  the  upper  charge  was  detonated 
first;  the  lower  charge  was  then  detonated  0,  3,  S,  or  10  milliseconds 
later.  The  charge  separation  distance,  9.2  metres  (30  feet),  is  equiv- 
alent, using  the  smaller  charges,  to  the  15.2-metre  (50-foot)  charge 
separation  distance  of  Phase  II.  Triple-point  paths  and  shock  systems 
for  two  of  the  Phase  III  events  are  shown  in  Figures  1.4  and  1.5.  Fig- 
ure 1.4  is  for  the  zero  delay  time  (simultaneous)  event,  while  Figure 
1.5  is  for  the  5-millisecond  delay  shot.  A detailed  discussion  of 
these  two  figures  is  given  in  Reference  4. 

The  experimental  data  gathered  from  all  three  phases  of  the  mul- 
tiburst series  consisted  of  side-on  and  total  head  overpressure  records 
from  electronic  transducers  in  the  field,  and  high-speed  optical  photog- 
raphy from  a number  of  cameras.  The  electronic  data  were  recorded  in 
analog  form  on  magnetic  tape.  The  Ballistic  Research  Laboratory  (BRL) , 
with  the  assistance  of  Bendix  Corporation,  was  responsible  for  pressure 
data  recording,  while  the  photo-optical  data  were  obtained  by  DRES  and 
by  the  Denver  Research  Institute  (DRI)  (Reference  5) . Analog-to-digital 
reduction  and  analysis  of  the  pressure  data  was  accomplished  with 
the  assistance  of  General  Electric — TEMPO  (References  3,  4,  and  6);  the 


5. 

6. 


J.  H.  Keefer  and  R.  E.  Reisler,  "Multiburst  Environment — Simultane- 
ous Detonations,  Project  DIPOLE  WEST,"  BRL  Report  No.  1766,  USA 
Ballistic  Research  Laboratory,  Aberdeen  Proving  Ground,  Maryland 
21005,  March  1975.  (AD§  A009485) 

R.  E.  Reisler  and  B.  A.  Pettit,  "Project  DIPOLE  WEST — Multiburst 
Environment  (Non-Simultaneous  Detonations) ,"  BRL  Report  No.  1921, 
USA  Ballistic  Research  Laboratory , Aberdeen  Proving  Ground,  Mary- 
land 21005,  September  1976.  (ADtt  A031985) 

John  Wisotsky,  "DIPOLE  WEST  Technical  Photography,"  Denver  Research 
Institute , University  of  Denver,  Denver,  Colorado  80208,  DNA  4325F, 
Defense  Nuclear  Agency,  Washington,  D.  C.  20305,  February  1977 
R.  E.  Reisler  and  L.  W.  Kennedy,  "Air  Blast  Dynamic  Pressures  from 
Simultaneous  and  Non-Simultaneous  Multiburst  Detonations ,"  BRL  Re- 
port TR-02043,  USA  Ballistic  Research  Laboratory , Aberdeen  Proving 
Ground,  Maryland  21005,  February  1978.  (AD  #B027298L) 
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Figure  1.5.  Triple-Point  Paths  and  Shock  Systems  for  the  5-Millisecond  Delay  Event 


photographic  data  were  reduced  and  analyzed  by  the  University  of  Vic- 
toria (References  7,  8,  and  9). 

The  Air  Force  Weapons  Laboratory  (AFWL)  conducted  theoretical 
calculations  on  configurations  analogous  to  those  of  the  test  series 
with  LAMB  (Reference  1)  and  with  HULL  (Reference  10) . LAMB  is  a low 
altitude  multiburst  model  especially  designed  for  predicting  the  free 
field  blast  environment  from  multiple  nuclear  explosions  occurring  in 
close  time  and  space  proximity.  HULL  is  a full-blown  two-dimensional 
hydrodynamic  finite  difference  code.  The  comparison  of  experimental 
data  with  the  calculational  results  provided  input  required  for  develop- 
ment of  a multiple  fireball  interaction  and  cloud  rise  model  to  be  in- 
corporated into  LAMB.  Other  modifications  and  improvements  were  made 
to  both  codes  as  a result  of  the  DIPOLE  WEST  experimental  input. 


1 . 3 Report  Objectives 

The  primary  objective  of  the  present  report  is  to  summarize  and 
correlate  all  of  the  data  obtained  from  the  16  events  of  the  multiburst 
portion  of  the  DIPOLE  WEST  high  explosive  test  series.  The  series  in- 
cludes simultaneous  and  non- simultaneous  charge  detonations,  as  well  as 
single  charge  events  detonated  to  develop  baseline  conditions.  Reports 
dealing  with  specific  topics,  listed  as  References  3 through  9,  provide 
additional  details  about  the  fielding  of  the  events,  the  data  gathering 
techniques,  and  the  analysis  procedure. 


7.  J.  M.  Dewey,  D.  F.  Classen,  and  D,  J.  McMillin,  "Photogrammetry  of 
the  Shock  Front  Trajectories  on  DIPOLE  WEST  Shots  8,  9,  10  and  11," 
UVIC  PF  1-75,  University  of  Victoria,  British  Columbia,  Canada  V8W 
2Y2 , July  1975  (also  published  by  the  Defense  Nuclear  Agency  as 
DNA  3777F) . 

8.  J.  M.  Dewey,  D.  J.  McMillin,  and  D.  Trill,  "Photogrammetry  of  the 
Particle  Trajectories  on  DIPOLE  WEST  Shots  8,  9,  10,  and  11,"  Uni- 
versity of  Victoria,  Victoria  B.C.,  Canada,  DNA  4326F,  Defense 
Nuclear  Agency,  Washington,  D.C.  20305.  Volume  I (Shot  10)  was 
published  in  June  1977;  Volume  II  (Shot  9)  in  October  1977;  Volume 
III  (Shot  8)  in  January  1978;  and  Volume  IV  (Shot  11)  in  March  1978. 

9.  J.  M.  Dewey,  D.  J.  McMillin,  and  D.  F.  Classen,  "Photogrammetry  of 
Spherical  Shocks  Reflected  from  Real  and  Ideal  Surfaces ,"  Univer- 
sity of  Victoria,  Victoria,  B.C.,  Canada,  Journal  of  Fluid  Mechanics 
vol.  81,  part  4,  1977  (Published  in  Great  Britain) . 

10.  HULL  documentation  exists  only  in  the  form  of  comment  cards  within 
the  code.  Further  information  is  available  from  Air  Force  Weapons 
Laboratory,  Kirtland  Air  Force  Base,  New  Mexico  87117,  ATTN: 

Mr.  Charles  Needham,  DES. 
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1.4  Sachs  Scaling  Factors 


Because  it  is  often  of  interest  to  compare  airblast  data  from  a 
series  of  high  explosive  events  with  data  obtained  using  charges  of 
different  weights  or  from  different  locations,  all  airblast  data  are 
commonly  scaled  to  data  which  would  be  obtained  from  a standard  one- 
kilogram  charge  detonated  at  sea  level.  (In  English  units,  the  stan- 
dard charge  is  one  pound.)  Commonly  used  Sachs  scaling  laws  take  into 
account  differences  in  ambient  pressure  and  temperature,  as  well  as 
differences  in  charge  weight. 

In  order  to  apply  the  scaling  laws,  a number  of  scaling  factors 
are  calculated  appropriate  to  a given  event.  There  is  a scaling  fac- 
tor for  each  quantity  of  interest;  that  is,  pressure,  distance,  time, 
and  impulse.  To  obtain  data  corresponding  to  that  which  would  be  re- 
corded if  the  event  were  a one-kilogram  charge  detonated  at  standard 
temperature  (288°K)  at  sea  level,  the  parameter  concerned  then  needs 
only  to  be  multiplied  by  the  appropriate  scaling  factor.  Scaling  fac- 
tors for  all  of  the  events  in  the  multiburst  series  are  given  in  Table 
1.2.  The  expressions  from  which  these  scaling  factors  were  calculated 
are  given  in  Reference  11  (page  143) . Environmental  conditions  pre- 
vailing at  the  time  of  detonation  for  each  event,  required  as  input  to 
the  scaling  expressions,  are  given  in  Reference  3 (pages  78-80)  and  in 
Reference  4 (page  37) . 

Actual  and  scaled  heights  of  burst  (HOB)  for  all  of  the  char- 
ges detonated  in  the  series  are  given  in  Table  1.3.  The  first  two 
columns  present  the  actual  and  scaled  distances  from  the  lower  or 
single  charge  of  each  shot  to  the  real  interaction  plane.  In  all  cases, 
this  real  interaction  plane  is  the  ground  surface.  The  second  group 
of  two  columns  gives  the  actual  and  scaled  distances  from  either  charge 
to  the  interaction  plane  between  them.  This  distance  has  been  calcu- 
lated as  half  of  the  charge  separation  distance  in  all  cases,  although 
in  Phase  III,  because  of  the  non-simultaneity  of  the  detonations,  the 
designation  as  distance  to  the  interaction  plane  is  not  accurate. 
Finally,  for  Phases  II  and  III,  the  average  of  the  two  previous  dis- 
tances, both  actual  and  scaled,  is  given  in  the  last  two-column  group. 
This  distance  is  meaningful  as  an  average  effective  height  of  burst 
only  in  the  case  of  simultaneous  detonations. 


11.  R.  E.  Reisler,  B.  A,  Pettit,  and  L.  W.  Kennedy,  "Air  Blast  Data 
from  Height~of -Burst  Studies  in  Canada;  Volume  II,  HOB  45.4  to 
144.5  Feet,"  BRL  Report  No.  1990,  USA  Ballistic  Research  Labora- 
tory, Aberdeen  Proving  Ground,  Maryland  21005,  May  1977. 
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Table  1.2.  Factors  for  Scaling  Multiburst  Data  to  a 
One-Kilogram  Charge  at  Sea  Level 


Shot 

S 

P 

(Pressure) 

^d 

(Distance) 

(Time) 

(Impulse) 

1 

1.1009 

0.1226 

0.1240 

0.1365 

2 

1.0846 

0.1231 

0.1231 

0.1335 

3 

1.0800 

0.1232 

0.1244 

0.1343 

4 

1.0784 

0.1233 

0.1280 

0.1380 

5 

1.0831 

0.1233 

0.1257 

0.1361 

6 

1.0889 

0.1229 

0.1273 

0.1386 

7 

* 

* 

* 

* 

8 

1.0872 

0.1234 

0.1244 

0.1352 

9 

1.0900 

0.1233 

0.1230 

0.1341 

10 

1.0738 

0.1239 

0.1193 

0.1281 

11 

1.0738 

0.1239 

0.1163 

0.1249 

12 

1.0792 

0.2134 

0.2101 

0.2265 

13 

1.1089 

0.2115 

0.2123 

0.2352 

14 

1.0927 

0.2125 

0.2180 

0.2381 

15 

1.0915 

0.2126 

0.2144 

0.2339 

16 

1.0826 

0.2132 

0.2065 

0.2234 

*Shot 

data 

7 produced  a major  blast 
from  this  event  have  not 

wave  anomaly  along  the  gage 
generally  been  used.  Shot  8 

line,  so 
was  iden- 

tical  to  Shot  7 in  configuration. 


Table  1.3.  Actual  and  Scaled  Values  of  Effective 
Heights -of-Burst 


Distance  from  Lower  One -Half  Charge  Average  HOB 

Charge  to  Ground  (m)  Separation  Distance  (m)  (m) 


Shot 

Actual 

Scaled 

Actual 

Scaled 

Actual 

Scaled 

1 

37.86 

4.642 

* 

* 

** 

** 

2 

38.31 

4.716 

15.34 

1.888 

** 

** 

3 

38.99 

4.804 

7.58 

0.934 

** 

** 

4 

40.14 

4.949 

25.23 

3.111 

** 

5 

39.15 

4.827 

15.27 

1.883 

It  it 

* * ** 

6 

40.75 

5.008 

* 

* 

It* 

** 

8 

7.45 

0.919 

7.60 

0.938 

7.53 

0.929 

9 

4.62 

0.570 

4.62 

0.570 

4.62 

0.570 

10 

4.55 

0.564 

4.66 

0.577 

4.61 

0.571 

11 

7.31 

0.906 

7.64 

0.947 

7.48 

0.927 

12 

4.49 

0.958 

4.59 

0.980 

4.54 

0.969 

13 

4.53 

0.958 

4.58 

0.969 

4.56 

0.964 

14 

4.53 

0.963 

* 

* 

** 

** 

15 

4.53 

0.963 

4.59 

0.976 

4.56 

0.970 

16 

4.59 

0.979 

4.62 

0.985 

4.61 

0.982 

* Single  charge  event. 

**  Average  not  meaningful  in  this  configuration. 
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CHAPTER  2 


HORIZONTALLY  SEPARATED  SIMULTANEOUS  BURSTS 


The  first  six  events  of  the  series,  known  as  Phase  I,  were 
detonated  in  July  of  1973.  For  this  phase,  the  charges  were  separated 
horizontally  and  fired  simultaneously.  The  charges  were  detonated  at 
heights  of  38  to  41  metres  (124  to  134  feet)  above  ground,  where  it  was 
felt  that  ground  interactions  would  not  be  a factor  in  the  analysis. 
Interest  in  this  configuration  stemmed  from  a desire  to  better  under- 
stand shock-fireball  interactions;  specifically,  (a)  the  effect  of  a 
shock  wave  on  fireball  deformation,  (b)  the  effect  of  a shock  wave  on 
fireball  rise  characteristics,  and  (c)  the  effect  of  neighboring  fire- 
ball flow  fields  on  fireball  rise  and  expansion.  It  was  expected  that 
information  obtained  from  ground  and  airborne  photography  would  serve 
to  verify  details  of  shock-fireball  interactions  observed  in  results 
of  hydrodynamic  computer  code  calculations. 

The  series  was  begun  using  490-kilogram  (1080-pound)  pentolite 
charges.  Delays  in  delivery  of  the  pentolite,  however,  required  that 
most  of  the  series  be  carried  out  with  493-kilogram  (1086-pound)  TNT 
charges.  Shots  were  fired  with  the  distance  between  the  two  charges 
equal  to  approximately  one,  two,  and  three  fireball  radii  (fireball 
radius  is  approximately  15  metres  or  50  feet) . In  addition,  two  single- 
charge shots,  one  each  of  pentolite  and  TNT,  were  fired.  Details  of 
the  fielding  of  these  events,  plus  reproductions  of  the  overpressure 
records  obtained,  are  given  in  Reference  3. 

2.1  Fireball  Motion  and  Cloud  Rise 

In  the  study  of  nuclear  and  high  explosive  effects,  fireball 
expansion  and  subsequent  torus  formation  are  important  phenomena.  These 
phenomena  cannot  be  studied  without  considering  the  effects  of  blast 
waves,  which  interact  with  the  fireballs  in  the  early  stages.  A signi- 
ficant portion  of  the  LAMB  model  deals  with  fireball  behavior  and 
shock- fireball  interactions.  A major  purpose  of  performing  the  hori- 
zontally separated  Phase  I events  was  to  obtain,  in  addition  to  air 
blast  data,  information  on  fireball  behavior  and  cloud  rise  for  corre- 
lation with  and  input  to  LAMB. 

Unfortunately,  the  photographic  data  obtained  on  cloud  rise 
and  torus  formation  were  not  as  useful  as  had  been  anticipated.  The 
detonations  produced  so  little  in  the  way  of  smoke  and  detonation 
products  that  the  clouds  remained  visible  to  the  cameras  for  only  a 
few  seconds.  In  addition,  due  to  either  less  than  ideal  symmetry  of 
the  detonations  or  higher  than  anticipated  upper  level  wind  velocities, 
good  torus  formation  in  the  clouds  was  not  observed. 
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Some  analysis,  however,  of  the  ground  level  photographic  data 
was  undertaken.  Figure  2.1  shows  the  top  and  bottom  extent  of  the 
smoke  cloud  as  determined  for  the  single-charge  TNT  event.  Shot  6. 

Shot  6 was  chosen  for  comparison  with  calculated  results  because  the 
length  of  time  over  which  the  cloud  remained  visible,  six  seconds,  was 
the  longest  of  any  of  the  shots.  The  hydrodynamic  code  predictions  in 
the  figure  are  from  a HULL  calculation  for  which  the  height  of  burst 
was  41.1  metres  (135  feet).  The  actual  height  of  burst  for  Shot  6 was 
40.8  metres  (133.7  feet).  The  code  predictions  of  cloud  vertical 
diameter  and  cloud  rise  versus  time  compare  favorably  with  the  ex- 
perimental results,  particularly  in  the  interval  between  two  and 
six  seconds  after  detonation. 

In  the  case  of  simultaneous,  horizontally  separated  detonations, 
the  vertical  plane  perpendicular  to  the  line  joining  the  two  charge  cen- 
ters serves  as  an  ideal  shock-reflection  plane.  Hence,  reflected  shock 
waves  distort  the  two  fireballs  into  twin  tori  lying  in  vertical  planes 
parallel  to  the  shock-reflection  plane.  As  buoyant  forces  begin  to 
take  over,  the  tori  rotate  in  opposite  directions  until  they  lie  in  a 
single  horizontal  plane.  (The  lower  portions  of  the  tori  move  outward 
and  upward  to  accomplish  this  rotation.)  As  the  twin  tori  expand  and 
drift  upward,  they  may,  if  they  are  sufficiently  close  together,  eventu- 
ally coalesce  to  form  a single  torus. 

The  DIPOLE  WEST  photographic  data  could  not  be  used  cither  to 
confirm  or  deny  this  double  torus  phenomenology,  which  has  been  devel- 
oped primarily  from  calculational  results.  Some  information  about 
comparative  rise  rates  of  single-  and  double-burst  clouds  was  obtained, 
however,  and  this  is  illustrated  in  Figure  2.2.  The  single-burst  Shot  6 
data  are  compared  with  those  from  Shot  3,  a double-burst  event.  The 
horizontal  charge  separation  distance  for  Shot  3 was  15.2  metres  (49.7 
feet) . Again,  Shot  3 was  chosen  for  the  comparison  because  cloud  rise 
data  were  available  over  a longer  period  of  time  for  this  event  than 
for  any  of  the  other  horizontally  separated  double-burst  events.  The 
average  height  of  burst  for  Shot  3 was  39.0  metres  (128.0  feet),  as 
compared  to  40.8  metres  (133.7  feet)  for  Shot  6. 

As  illustrated  in  the  figure,  the  rise  rate  for  the  double- 
burst cloud  was  about  6.1  metres/second  (20  feet/second) , whereas  that 
for  the  single-burst  cloud  was  10.1  metres/second  (33  feet/second). 

The  slower  rise  of  the  double-burst  cloud  is  consistent  with  expecta- 
tions because  of  interaction  of  the  flow  fields.  Downward  flowing  air 
from  one  cloud  is  opposed  by  upward  flowing  air  from  the  neighboring 
cloud,  and  hence  the  net  buoyant  force  on  the  system  is  decreased. 

2.2  Shock  Interactions  and  Mach  Stem  Behavior 


For  horizontally  separated  charges,  a Mach  stem  forms  at  the 
vertical  ideal  reflection  plane  midway  between  the  charges,  as  illus- 
trated in  Figure  1.1.  This  Mach  stem  extends  its  length  as  the  shock 


27 


system  moves  toward  the  ground;  the  rate  of  growth  depends  on  the  charge 
separation  distance  and  on  the  charge  size.  TV^o  overpressure  records 
taken  at  the  same  location  in  two  different  events  illustrate  the  depen- 
dence of  Mach  stem  growth  on  charge  separation.  The  gage  location  is 
at  ground  level,  7.6  metres  (25  feet)  from  ground  zero,  in  the  plane 
containing  the  charges.  Ground  zero  is  the  point  on  the  ground  midway 
between  charges. 

The  records  in  Figure  2.3  are  from  Shot  2,  for  which  the  charge 
separation  distance  was  30.5  metres  (100  feet).  In  these  records  the 
incident  and  reflected  shock  peaks  are  clearly  separated  in  time,  in- 
dicating that  the  transducer  was  located  in  the  regular  reflection 
region;  that  is,  the  length  of  the  Mach  stem  on  each  side  of  the  re- 
flecting plane  as  the  system  reached  the  ground  was  less  than  7.6  metres 
(25  feet).  In  Figure  2.4,  the  records  show  a single  shock,  indicating 
that  the  transducer  was  located  within  the  Mach  reflection  region.  The 
records  of  Figure  2.4  are  from  Shot  3,  for  which  the  charge  separation 
distance  was  15.2  metres  (50  feet). 


PRESSURE  ( PSI ) PRESSURE  (PSIt 


Figure  2.3.  Pressure  Records  from  the  Regular  Reflection  Region; 

Charge  Separation  Distance,  30.5  Metres  (100  Feet) 


Figure  2.4.  Pressure  Records  from  the  Mach  Reflection  Region; 

Charge  Separation  Distance,  15.2  Metres  (50  Feet) 
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CHAPTER  3 

VERTICALLY  SEPARATED  SIMULTANEOUS  BURSTS 


Phase  II  of  DIPOLE  WEST  is  the  series  of  events  in  which  two 
charges,  in  a configuration  with  identical  charges  suspended  one  above 
the  other,  were  fired  simultaneously.  Phase  II  consists  of  five  events. 
Shots  7 through  II,  which  were  fired  in  September,  October  and  November 
of  1973.  Details  of  the  fielding  and  firing  of  these  events,  plus  the 
records  obtained  from  the  overpressure  and  total  head  pressure  trans- 
ducer array,  are  contained  in  Reference  3.  Analysis  of  the  photographic 
data  obtained  is  given  in  Reference  7 (refractive  image  analysis)  and 
in  Reference  8 (particle  trajectory  analysis) . Although  data  were  ob- 
tained on  Shot  7,  a significant  blast  anomaly  propagating  directly  along 
the  gage  line  was  observed  on  this  event,  and  so  the  data  have  generally 
been  discounted.  The  configuration  of  Shot  8 was  the  same  as  that  of 
Shot  7. 


This  series  of  events  was  designed  specifically  to  examine  the 
differences  between  shock  wave  interaction  with  an  ideal  reflecting 
plane  and  with  a real  surface.  Hydrodynamic  code  calculations  used  to 
model  detonations  of  this  kind  generally  assume  that  the  surface  of  the 
ground  is  a perfectly  reflecting,  frictionless  boundary.  In  reality, 
of  course,  some  energy  from  the  shock  system  is  transferred  into  the 
ground.  Discrepancies  between  calculated  and  experimental  results 
(especially  in  horizontal  dynamic  pressures)  near  the  ground  surface 
indicate  that  the  calculational  modeling  is  indeed  inadequate  and  needs 
to  be  improved. 

Configuration  of  this  series  was  as  shown  in  Figure  3.1.  The 
lower  charge  is  a distance  X above  the  ground  and  the  upper  charge  is 
3X  above  ground.  If  the  charges  are  detonated  simultaneously,  the  in- 
teraction of  the  shock  systems  at  the  plane  halfway  between  the  charges 
(at  a distance  2X  above  ground)  will  be  like  that  at  an  ideally  reflect- 
ing, frictionless  surface.  Measurements  made  near  this  surface  may 
then  be  compared  with  similar  measurements  made  near  the  actual  ground 
surface.  For  Shots  7,  8 and  11,  the  distance  X was  approximately  7.62 
metres  (25  feet);  for  Shots  9 and  10  it  was  approximately  4.57  metres 
(15  feet).  Actual  detonated  charge  heights,  with  corresponding  dis- 
tances to  the  ideal  reflecting  planes,  are  given  in  Tables  1.1  and  1.3. 

Two  different  conditions  were  used  for  the  real  ground  surface 
in  an  attempt  to  determine  whether  surface  conditions  had  a discernible 
effect  on  the  shock-ground  interactions.  For  Shots  7,  8 and  9,  the 
natural,  hard-packed,  smooth  prairie  surface  was  used.  In  Shots  10  and 
11,  an  attempt  was  made  to  create  a rough,  soft,  more  energy-absorbent 
surface  by  concentric  furrowing  of  the  test  bed  area.  Dimension  of 
the  furrows  was  approximately  14  inches. 
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Figure  3.1.  Position  of  Reflecting  Planes  for  Vertically-Separated,  Simultaneously 
Detonated  Charges 


3.1 


Fireball  Motion  and  Cloud  Rise 


In  the  case  where  two  equal  simultaneous  bursts  are  separated 
vertically  by  a distance  of  several  fireball  radii,  each  fireball  be- 
haves initially  like  that  from  a single  burst.  Each  shock  arrives  at 
the  other  fireball  at  approximately  the  same  time.  The  lower  fireball, 
rising  at  the  time  of  shock  incidence  because  of  buoyant  forces,  is 
slowed  by  the  shock.  If  the  shock  strength  is  sufficient  to  reduce 
fireball  acceleration  to  zero,  then  the  lower  fireball  will  form  a torus. 

The  rise  of  the  upper  fireball  is  boosted  by  the  incident  shock 
wave,  and  hence  it  tends  to  rise  more  rapidly.  The  increased  rise  rate 
generates  increased  drag  forces,  and  these  forces  may  cause  the  upper 
fireball  also  to  torus.  Following  torus  formation,  both  fireballs  and 
the  clouds  formed  from  them  drift  upward,  controlled  by  the  torus  flow 
fields . 


When  the  vertically  separated  charges  are  one  fireball  radius 
or  less  apart,  as  in  the  DIPOLE  WEST  events,  the  phenomenology  of  fire- 
ball and  cloud  behavior  is  less  well  understood.  The  fireballs  are  ob- 
served to  merge  at  an  early  time,  and  hence  to  react  essentially  like 
a single-burst  system.  Unfortunately,  as  with  the  horizontally  sepa- 
rated events,  the  clouds  from  the  vertically  separated  double-burst 
events  remained  visible  to  the  cameras  for  only  a few  seconds , and  good 
torus  formation  was  not  observed. 


3.2  Shock  Systems  and  Triple-Point  Behavior 

When  a charge  is  detonated  near  a surface,  such  as  the  surface 
of  the  ground,  a reflected  shock  wave  will  form  as  the  incident  shock 
strikes  the  surface.  If  the  incident  and  reflected  shocks  are  strong 
enough,  the  point  at  which  these  shock  waves  come  together  moves  away 
from  the  surface.  A third  shock  wave,  called  the  Mach  stem,  then  forms 
in  the  region  between  the  point  and  the  surface.  The  point  at  which 
the  three  shocks  meet  is  called  the  triple  point.  The  triple  point 
forms  at  the  reflection  plane  and  moves  away  from  it  along  a curved 
trajectory  as  the  shock  system  moves  outward.  Triple-point  paths  de- 
veloped from  the  detonations  at  7.6  and  22.8  metres  (25  and  75  feet) 
were  shown  in  Figure  1.3.  Those  from  the  detonations  at  4.6  and  13.7 
metres  (15  and  45  feet)  are  illustrated  in  Figure  3.2.  'fhe  actual 
shock-front  shapes,  as  measured  from  high-speed  photographic  data  on 
Shot  10,  are  given  in  Figure  3.3.  This  latter  figure  has  been  scaled 
to  show  the  data  as  if  they  had  been  obtained  from  a one-kilogram 
charge  at  15°C  in  dry  air  at  sea  level,  as  explained  in  Chapter  1 and 
in  more  detail  in  Reference  9. 

The  behavior  of  the  Mach  stem  shock  wave,  and  particularly  any 
differences  in  this  behavior  which  might  be  attributed  to  differences 
in  the  texture  of  the  surface,  was  of  particular  interest  for  the 
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Figure  3.2.  Triple -Point  Paths  and  Shock  Systems  for  the  More  Compact  Configuration 
of  Phase  II 


present  study.  Quoting  from  Reference  9: 

The  physical  properties  of  the  Mach-stem  blast  wave 
and  the  trajectory  of  the  triple  point  depend  mainly 
on  the  energy  yield  of  the  explosive  charge,  the 
height  of  burst  of  the  charge  above  ground,  and  the 
nature  of  the  ground  surface.  As  the  blast  wave  in- 
teracts with  the  ground,  some  energy  will  be  absorbed 
and  appear  as  seismic  disturbances , and  a crater  may 
be  produced  if  the  explosion  is  close  enough  to  the 
ground.  As  the  Mach-stem  blast  wave  moves  across  the 
ground  surface,  there  will  be  a continuous  transfer  of 
energy  between  the  air  and  the  ground  and  a redistri- 
bution of  energy  within  the  blast  wave  due  to  ground 
roughness.  Little  is  known  qualitatively  or  quanti- 
tatively about  the  transfer  of  energy  from  a blast 
wave  as  it  passes  over  the  ground  surface. 

In  assessing  differences  in  Mach-stem  behavior  attributable  to 
differences  in  surface  roughness,  it  should  first  be  ascertained  that 
the  explosions  producing  the  Mach  stems  were  comparable.  That  this 
was  the  case  for  Shots  8 and  11  can  be  seen  in  Figure  3.4,  in  which 
scaled  radius  versus  scaled  time  (that  is,  shock-wave  arrival  time) 
curves  for  the  primary  or  incident  wave  shocks  are  almost  identical. 
Similar  results  were  found  when  the  primary  shock  curves  from  the  4.6- 
metre  (15-foot)  height-of-burst  events.  Shots  9 and  10,  were  compared. 
It  is  concluded  that  detonation  of  the  four  lower  explosive  charges 
was  essentially  identical,  and  hence  that  the  primary  shock  waves  gen- 
erated by  these  four  detonations,  before  reflection  at  the  surface, 
were  also  identical.  A similar  determination  for  the  upper  charges 
could  not  be  made  because  of  lack  of  upper-level  photographic  data. 

The  canvas  backdrops  were  not  high  enough  to  permit  good  photographic 
coverage  of  the  upper  shock  system.  However,  electronic  pressure  rec- 
ords indicate  that  the  upper  detonations  were  also  consistent. 

Scaled  radius-time  curves  can  also  be  plotted  for  the  Mach-stem 
shock  waves  generated  at  the  surfaces.  Arrival-time  curves  for  the 
Mach-stem  shock  generated  below  the  ideal  reflecting  plane  are  given 
in  Figure  3.5.  As  expected,  the  data  for  like  configurations  overlap 
each  other.  The  ideal  reflecting  plane  absorbs  no  energy,  so  the  Mach 
stem  generated  here  would  depend  only  on  configuration  and  charge  size. 

The  Mach  stems  generated  at  the  ground  surface,  however,  show 
noticeable  effects  of  the  surface  interaction.  The  scaled  arrival -time 
curves  from  these  shock  waves  are  shown  in  Figure  3.6.  For  each  height 
of  burst  there  is  a significant  difference  between  arrival  times  above 
the  smooth  surface  (Shots  8 and  9)  and  above  the  rough,  furrowed  sur- 
face (Shots  10  and  11) . Apparently,  the  rough  surface  absorbs  more  of 
the  shock-wave  energy,  causing  the  shock  wave  to  travel  more  slowly. 

The  measurements  from  which  these  curves  were  plotted  were  taken  at 
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Figure  3.4.  Scaled  Radius-Time  Curves  for  the  Incident  Wave  Shocks; 
Shots  8 and  11 
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Figure  3.5.  Scaled  Radius-Time  Curves  for  Mach-Stem  Shocks  Generated 
Below  the  Ideal  Reflecting  Plane 
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Figure  3.6.  Scaled  Radius-Time  Curves  for  Mach-Stem  Shocks  Generated 
at  the  Real  Surface 


approximately  0.5  metres  (20  inches)  above  the  ground.  The  ideal-plane 
measurements  were  taken  at  approximately  0.2  metres  (8  inches)  below 
the  reflecting  plane. 

The  loci  of  the  triple  points,  or  triple-point  paths,  observed 
on  Shots  8 and  11  are  plotted  in  Figure  3.7.  The  paths  below  the  ideal 
reflecting  plane  were  essentially  identical  in  the  two  experiments. 

The  ordinate  axis  for  the  ideal-surface  curve  in  this  figure  is  actual- 
ly scaled  distance  measured  downward  from  the  ideal  reflecting  surface. 
As  can  be  seen,  the  effect  of  the  ground  surface  is  to  lower  the  triple- 
point trajectories.  The  rough,  furrowed  surface  produces  the  more 
marked  deviation  from  the  ideal-surface  curve.  This  modification  of 
triple-point  behavior  is  also  noticeable  in  Figures  1.3  and  3.2. 

3.3  Single-  versus  Double-Burst  Overpressures 

When  two  charges  in  close  proximity  are  detonated  simultaneous- 
ly, overpressure  records  measured  near  the  charge  array  will  show  sep- 
arate peaks,  arriving  at  different  times,  for  the  shock  pulses  from  the 
two  charges.  The  relative  magnitude  and  separation  in  time  of  the 
peaks  depends  on  the  separation  distance  of  the  charges.  As  the  mea- 
surement point  is  moved  farther  away  from  the  charges,  however,  a radi- 
al distance  is  reached  where  details  of  the  charge  array  are  no  longer 
discernible.  The  shock  systems  have  coalesced,  and  pressure  records 
are  the  same  as  would  be  obtained  from  a single  burst  of  double  the  in- 
dividual charge  weight. 

This  phenomenon  can  be  observed  in  Figures  3.8  and  3.9,  in 
which  peak  overpressures  measured  at  ground  level  are  plotted  as  a 
function  of  radial  distance  from  ground  zero.  Single-burst  data  from 
an  earlier  series  (Reference  12),  scaled  to  appropriate  charge  weights, 
was  used  to  develop  the  solid  line  base.  As  can  be  seen,  at  close-in 
ranges  the  data  fall  on  the  490-kilogram  (1080-pound)  curve,  equivalent 
to  what  would  be  expected  from  a single  charge.  Farther  out,  a trans- 
fer to  the  980-kilogram  (2160-pound)  double-weight  curve  occurs.  The 
transition  range  depends  on  charge  separation.  For  the  15.2-metre  (50- 
foot)  separation  events.  Shots  8 and  11,  the  transition  occurs  at  about 
30  metres  (98  feet).  For  Shots  9 and  10,  however,  in  which  the  charge 
separation  was  9.1  metres  (30  feet),  the  transition  to  conditions  like 
that  of  a single,  double-weight  charge  occurs  at  a range  of  20  metres 
(65  feet) . 


12.  R.  E.  Reisler,  B.  A.  Pettit,  and  L.  W.  Kennedy,  "Air  Blast  Data 

from  He ight-of -Burst  Studies  in  Canada;  Volume  I,  HOB  5.4  to  71.9 
Feet,"  BRL  Report  No.  1950,  USA  Ballistic  Research  Laboratory , 
Aberdeen  Proving  Ground,  Maryland  21005,  December  1976. 
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OVERPRESSURE  (kPa) 


Figure  3.8.  Peak  Overpressures  at  Ground  Level,  Plotted  to  Show 
Transition  from  Single-  to  Double-Weight  Charge 
Curve;  Shots  8 and  11 
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Figure  3.9.  Peak  Overpressures  at  Ground  Level,  Plotted  to  Show 
Transition  from  Single-  to  Double-Weight  Charge 
Curve;  Shots  9 and  10 


The  change  from  single-  to  double-weight  charge  phenomenology 
does  not  appear  in  the  maximum  impulse  versus  range  curves,  as  shown 
in  Figures  3.10  and  3.11.  The  impulse  apparently  follows  the  double- 
weight curve  regardless  of  range.  This  is  because  overpressure  impulse 
is  an  integrated  effect,  contributed  to  by  all  portions  of  the  incident 
pressure  waveform.  Differences  in  time  of  arrival  between  pressure 
pulses  from  different  sources  strongly  influence  the  superimposed  over- 
pressure, but  have  little  effect  on  the  total  impulse,  or  momentum, 
carried  by  the  pressure  system. 

3.4  Parametric  Studies  of  Overpressure  Waveforms 

An  interesting  comparison  of  the  effects  of  real  and  ideal  re- 
flecting planes  can  be  made  by  studying  the  overpressure  records  ob- 
tained from  gages  positioned  along  these  planes.  In  Figures  3.12  and 
3.13,  gage  records  at  ground  level  from  Shots  8 and  11  are  compared 
with  those  at  15.2  metres  (50  feet),  which  is  the  height  of  the  ideal 
reflecting  plane.  At  the  close-in  stations,  the  records  are  quite  sim- 
ilar, except  for  the  double-peaked  nature  of  those  from  Station  20.50. 
The  double  peaks  probably  arise  because  the  gage  was  not  located  ex- 
actly on  the  reflecting  plane.  For  close-in  stations,  where  the  shock 
system  passes  before  the  Mach  stem  has  begun  to  develop,  the  position 
of  the  plane  is  critically  dependent  on  charge  placement.  As  can  be 
seen  by  referring  to  Table  1.1,  the  charge  positions  were  not  exact, 
and  hence  it  was  to  be  expected  that  the  ideal  reflecting  plane  would 
not  develop  at  precisely  the  preset  gage  elevations.  Once  the  Mach 
stem  has  begun  to  form,  as  at  the  9.1-metre  (30-foot)  range  and  beyond, 
gage  elevation  is  not  so  critical . 

The  point  to  be  observed  from  this  series  of  comparisons  is 
that,  while  the  real  and  ideal  plane  records  are  quite  similar  close- 
in,  they  become  more  divergent  as  ground  range  increases.  At  the  12.2- 
and  18.3-metre  (40-  and  60-foot)  ranges,  as  shown  in  Figure  3.13,  the 
real -plane  ground- level  overpressures  fall  below  those  from  the  ideal 
plane  in  every  case.  The  effect  is  most  noticeable  in  the  records  from 
Shot  11,  for  which  the  ground  surface  was  furrowed.  It  is  apparent  that, 
as  the  shock  system  advances  outward  from  the  source,  some  of  the  en- 
ergy in  the  system  is  being  absorbed  by  the  soft,  rough  surface. 

A similar  series  of  comparisons  from  Shots  9 and  10  is  shown 
in  Figures  3.14  and  3.15.  The  quality  of  the  records  obscures  the  ef- 
fect somewhat  in  these  cases.  However,  it  is  still  apparent  that  the 
overpressures  deteriorate  more  rapidly  at  the  energy-absorbing  real 
surface  than  they  do  at  the  ideal  reflecting  plane. 

Direct  comparisons  between  the  two  types  of  real  reflecting 
surfaces  are  given  in  Figures  3.16  through  3.19,  in  which  both  over- 
pressure and  total  head  pressure  records  taken  at  0.91  metres  above 
the  surface  are  compared.  In  every  case  in  which  the  records  are 
clean  enough  that  a difference  can  be  observed,  the  pressures  from  the 

(Text  continued  on  page  54.) 
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Figure  3.1U.  Maximum  Impulse  at 
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Figure  3.12.  Comparison  of  Overpressure  Records  at  Real  and  Ideal  Surfaces 
Close-In  Stations,  Shots  8 and  11 
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Figure  3.17.  Comparison  of  Pressure  Records  Near  Rough  and  Smooth  Surfaces 
More  Remote  Stations,  Shots  8 and  11 
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Figure  3.18.  Comparison  of  Pressure  Records  Near  Rough  and  Smooth  Surfaces 
Close-In  Stations,  Shots  9 and  10 
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furrowed  surface  fall  below  those  from  the  hard  surface.  The  second- 
ary pulses,  which  arise  from  shock  waves  reflected  from  the  surface, 
arrive  later  and  are  lower  in  magnitude  when  tlie  surface  is  soft  and 
rough  as  in  Shots  10  and  11.  The  indication  is  clearly  that  the  re- 
flective process  involves  a loss  of  energy  which  is  dependent  on  the 
texture  of  the  surface. 

The  maximum  overpressures  obtained  from  the  two  types  of  sur- 
faces at  the  ground  level  gages  are  presented  as  functions  of  ground 
range  in  Figures  3.20  and  3,21.  These  data  are  all  scaled  to  the  stan- 
dard one-kilogram  charge  at  sea  level.  Figure  3.20  is  for  the  more 
compact  configuration,  the  4.6-metre  (15-foot)  height-of-burst,  which 
scales  to  0.57  metres  for  a one-kilogram  charge.  Figure  3.21  is  for 
the  7.6-metre  (25-foot)  height-of-burst.  The  overpressure  curves  for 
the  soft,  rough  surface  are  seen  to  fall  below  those  for  the  hard, 
smooth  surface  at  the  close-in  ranges,  in  agreement  with  observations 
from  the  pressure  records  themselves,  as  noted  in  the  previous  paragraph. 

At  a range  corresponding  approximately  to  that  at  which  the 
change  from  single-charge  to  double-charge  maximum  overpressure  oc- 
curs, as  discussed  in  Section  3.3,  a crossover  takes  place.  Beyond 
this  crossover,  overpressure  maxima  from  the  rough  surface  lie  above 
those  from  the  smooth  surface.  The  phenomenology  is  explained  by  theo- 
rizing that,  in  the  close-in  region,  energy  is  removed  from  the  blast 
field  through  absorption  by  the  surface.  The  rough  surface,  as  dis- 
cussed previously,  absorbs  more  energy  than  does  the  hard,  smooth  sur- 
face. This  removal  of  energy  lowers  the  pressure  in  the  region  adja- 
cent to  the  surface  and  establishes  a gradient  whereby  energy  from 
above  is  constrained  to  move  into  the  surface  region  as  the  shock  sys- 
tem moves  outward.  The  influx  of  energy,  greater  in  the  case  of  the 
rough  surface,  in  turn  raises  the  pressure  at  the  more  remote  ranges. 

A similar  pattern  of  behavior  is  observed  in  the  overpressure- 
impulse  curves.  Figures  3.22  and  3.23.  The  effects  on  the  impulse,  as 
might  be  expected,  are  not  as  pronounced.  This  is  probably  because  at 
least  part  of  the  observed  phenomenon  is  due  to  a redistribution  of 
energy  within  the  shock  wave  in  the  surface  region.  Such  a redistri- 
bution might  occur,  for  example,  if  part  of  the  energy  absorbed  by  the 
surface  is  fed  back  into  the  shock  system  at  a later  time.  Local  re- 
distributions of  this  type  would  not  affect  the  total  impulse. 

Ideal  reflecting  plane  data,  from  elevated  stations,  are  also 
shown  in  Figures  3.20  through  3.23.  Although  the  data  here  are  much 
less  extensive  due  to  the  complication  of  having  to  mount  gages  on 
poles  for  these  measurements,  some  observations  can  be  made.  The 
ideal  plane  overpressures  lie  above  the  real  plane  overpressures  by  as 
much  as  10  to  30  percent.  The  ideal  plane  overpressure-impulses,  on 
the  other  hand,  are  lower  than  the  real  plane  overpressure-impulses 
by  5 to  10  percent.  The  first  observation  is  consistent  with  the  pre- 
vious discussion;  the  second  observation,  apparently  inconsistent. 
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Figure  3.21.  Comparison  of  Maximum  Overpressures  from  Smooth  and 
Rough  Surfaces;  Shots  8 and  11 
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Figure  3.22.  Comparison  of  Maximum  Overpressure-Impulses  from 
Smooth  and  Rough  Surfaces;  Shots  9 and  10 
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may  result  from  data  scatter  or  from  the  fact  that  measurement  points 
were  slightly  off-plane. 

The  question  of  energy  redistribution  within  a shock  system 
as  it  passes  over  a surface  is  an  interesting  one,  and  on-going  studies, 
at  the  University  of  Victoria  and  elsewhere,  are  addressing  it.  The 
observations  discussed  in  this  section  are  preliminary  and  largely 
qualitative.  Additional  results  may  be  expected  in  future  publications. 

3.5  Dynamic  Pressure  Studies 

Experimental  dynamic  pressure  information  was  obtained  using 
two  quite  different  techniques.  In  the  first  technique,  digitized 
side-on  overpressure  and  total  head  pressure  records  from  the  electron- 
ic transducer  array  were  treated  point-by-point  with  a computer  program 
to  produce  digital  dynamic  pressure  records.  The  procedure,  which  in- 
cluded digital  smoothing  and  then  taking  the  difference  (essentially) 
between  corresponding  side-on  and  total  head  points,  is  outlined  in 
Reference  6.  The  dynamic  pressure  records  obtained  are  also  reproduced 
in  this  reference. 

The  second  technique  depended  on  data  from  high-speed  photog- 
raphy of  the  movement  of  particles,  or  "smoke  puffs,"  in  the  air  flow. 
Photogrammetric  and  calculational  techniques  were  used  to  develop  par- 
ticle velocity  and  density  fields,  from  which  the  dynamic  pressure 
fields  were  simply  obtained  from 

q = hpu^  , 

where  q is  dynamic  pressure,  p is  density,  and  u is  particle  veloc- 
ity. Details  of  this  technique  appear  in  Reference  8. 

Dynamic  pressure  records  obtained  from  the  first  technique 
are  given  in  Figures  3.24  through  3.27.  In  each  case,  the  dynamic 
pressure  obtained  just  above  the  real  reflecting  plane  (at  0.91  metres 
or  3 feet)  is  compared  with  that  from  just  above  the  ideal  reflecting 
plane  (at  16.1  metres  or  53  feet  in  Shots  8 and  11;  at  10.0  metres  or 
33  feet  in  Shots  9 and  10) . Except  in  a few  cases  where  a bad  or  noisy 
total  head  record  generated  a correspondingly  bad  dynamic  pressure, 
the  records  show  good  correlation.  The  result  observed  from  the  over- 
pressure records  in  the  previous  section — namely,  that  records  from 
near  the  real  surface  are  somewhat  degraded  by  absorption  of  energy 
into  the  ground — also  appears  in  the  dynamic  pressures.  Overpressure 
comparisons  from  the  same  stations  at  which  the  dynamic  pressure  com- 
parisons were  made  are  given  in  Figures  3.28  through  3.31.  Note,  how- 
ever, that  the  time  scales  are  not  the  same. 

Scaled  maximum  dynamic  pressure  and  dynamic  pressure  impulse 
values  obtained  close  to  the  reflecting  surfaces  are  plotted  versus 
ground  range  in  Figures  3.32  through  3.35.  Although  the  data  at  the 

(Text  continued  on  page  72.) 
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Figure  3.27.  Comparison  of  Dynamic  Pressure  Records  Above  Real  and 
Ideal  Surfaces;  18.3-Metre  (60-Foot)  Stations 
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Figure  3.29.  Comparison  of  Overpressure  Records  Above  Real  and 

Ideal  Surfaces;  More  Remote  Stations,  Shots  8 and  11 
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ideal  plane  are  limited  to  four  measurement  stations,  comparison  with 
real -plane  data  exposes  some  interesting  trends.  The  dynamic  pressures 
and  dynamic  pressure  impulses  over  the  hard,  smooth  surface  were  greater 
in  magnitude  than  those  over  the  soft,  rough  surface.  The  greater  dif- 
ferences, as  much  as  80  percent  in  some  cases,  occurred  for  the  smaller 
(0.57-metre  HOB)  configuration. 

In  evaluating  real  versus  ideal  surface  effects,  the  smooth- 
surface  dynamic  pressure  parameters  are  seen  to  be  equal  to  or  greater 
than  those  from  the  ideal  reflecting  plane.  Values  obtained  at  the 
soft,  rough  surface,  on  the  other  hand,  are  equal  to  or  less  than  those 
from  the  ideal  plane. 

As  a general  rule,  the  closer  a detonation  is  to  the  reflect- 
ing surfaces,  the  greater  will  be  the  differences  observed  between  over- 
pressures and  dynamic  pressure  effects  at  the  real  and  ideal  surfaces. 
This  might  be  expected  in  view  of  the  hypothesis  that  the  harder  surface 
reflects  most  of  the  energy  incident  on  it,  whereas  the  softer  surface 
absorbs  or  redistributes  a larger  proportion  of  the  incident  energy. 

In  a stronger  shock  region,  as  when  the  charges  are  closer  to  the  sur- 
faces, the  effects  of  this  phenomenology  would  be  expected  to  be  more 
noticeable . 

3.6  Particle  Trajectory  Analysis 

In  order  to  illustrate  the  kinds  of  results  obtainable  from 
photogrammetric  analysis  of  particle  trajectory  data.  Figures  3.36 
through  3.45  are  presented.  These  figures  are  all  for  DIPOLE  WEST  Shot 
10,  and  were  taken  from  Reference  8,  Volume  I.  More  detail  concerning 
the  Shot  10  analysis  may  be  obtained  from  that  volume,  and  similar  il- 
lustrations and  descriptive  material  about  the  other  events  are  con- 
tained in  Volumes  II,  III,  and  IV  of  Reference  8. 

The  particle  trajectory  analysis  considered  motion  of  the  par- 
ticles in  two  dimensions:  vertical  and  horizontal  (or  radial).  Angu- 
lar dependence,  if  any,  was  not  included  in  the  analysis.  In  order  to 
calculate  shock  velocities,  it  was  necessary  to  make  certain  assump- 
tions about  the  shape  of  the  shock  fronts . The  shape  of  the  primary 
(unreflected)  shock  waves  was  considered  to  be  spherical  (circular  in 
two  dimensions)  about  the  burst  point.  The  Mach-stem  shocks  were  at 
first  considered  to  be  cylindrical  (linear  in  two  dimensions)  in  the 
region  very  close  to  the  reflecting  plane.  In  performing  thr  analysis, 
however,  it  soon  became  apparent  that  the  cylindrical  assumption  was 
invalid.  More  consistent  results  were  obtained  by  assuming  the  Mach- 
stem  shocks  to  be  spherical,  with  the  center  at  the  reflecting  plane 
on  the  line  through  the  charge  centers.  For  the  ground-surface  Mach 
stem,  the  center  of  the  sphere  corresponds  to  the  Ground  Zero  point. 

It  is  clear  that  the  assumption  of  spherical  Mach  stems  is  at 
best  a first-order  approximation,  and  that  large  deviations  from  the 
spherical  shape  will  occur  as  the  Mach  stem  grows  from  the  surface. 

(Text  continued  on  page  83.) 
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Figure  3.36.  Velocity  Field  from  Particle  Trajectory  Analysis 
at  a Scaled  Time  of  1 Millisecond;  Shot  10 


Figure  3.37.  Velocity  Field  from  Particle  Trajectory  Analysis 
at  a Scaled  Time  of  3 Milliseconds;  Shot  10 
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Figure  3.38.  Velocity  Field  from  Particle  Trajectory  Analysis 
at  a Scaled  Time  of  6 Milliseconds;  Shot  10 
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Figure  3.39.  Equal  Dynamic  Pressure  Contours  at  Scaled 
Times  of  2.5  and  4.0  Milliseconds;  Shot  10 
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Figure  3.40.  Equal  Side-On  Overpressure  Contours  at  Scaled 
Times  of  2.5  and  4.0  Milliseconds;  Shot  10 
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Figure  3.41.  Equal  Density  Contours  at  Scaled  Times  of 
2.5  and  4.0  Milliseconds;  Shot  10 
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Figure  3.44.  Density  Field  at  Scaled  Time  3 Milliseconds  After  Detonation;  Shot  10 


Additional  study  of  this  point,  including  measurements  made  with  minia- 
ture gages  in  the  region  very  close  to  the  reflecting  surface,  is 
planned  for  the  future. 

The  first  group  of  illustrations  from  the  photogrammetric  par- 
ticle trajectory  analysis  of  Shot  10,  Figures  3.36  through  3.38,  shows 
velocity  fields  at  scaled  times  of  1,  3,  and  6 milliseconds  after  deto- 
nation. Scaling  in  all  cases  is  to  a one-kilogram  charge  weight  and  a 
standard  atmosphere  of  dry  air  at  15°C  at  sea  level.  The  second  group. 
Figures  3.39  through  3.42,  presents  contours  of  equal  dynamic  pressures, 
side-on  overpressures,  densities,  and  particle  velocities,  respectively, 
associated  with  the  blast  waves  at  2.5  and  4.0  milliseconds  (scaledj. 
Finally,  the  third  group  of  illustrations.  Figures  3.43  through  3.45, 
are  density  fields  at  scaled  times  after  detonation  of  1,  3,  and  6 mil- 
liseconds . 

The  hydrostatic  overpressures  and  dynamic  pressures  obtained 
from  photogrammetric  analysis  of  the  particle  trajectories  can  be  used 
to  compute  total  head  pressures,  after  application  of  a compressibili- 
ty correction.  The  technique  is  described  in  the  Appendix  of  Refer- 
ence 8,  Volume  III.  It  is  essentially  the  inverse  of  the  technique 
used  to  calculate  dynamic  pressures  from  the  overpressure  and  total 
head  gage  records,  discussed  earlier  in  this  section  and  described  in 
Reference  6.  When  this  is  done,  overpressure  and  total  head  pressure 
records  obtained  from  analysis  of  the  photographic  data  can  be  directly 
compared  with  those  obtained  from  the  electronic  pressure  gages.  Cor- 
responding impulse  records  can  also  be  compared. 

Examples  of  the  comparisons  at  the  18.3-metre  (60-foot)  range 
for  Shots  9 and  10  are  given  in  Figures  3.46  through  3.49.  In  general, 
pressure  and  impulse  curves  obtained  by  the  two  totally  different  tech- 
niques are  in  excellent  agreement.  The  good  agreement  is  particularly 
gratifying  in  the  case  of  the  total  pressure  curves;  this  is  apparently 
the  first  time  that  such  a comparison  has  been  possible.  It  is  felt 
that  this  comparison  validates  both  of  the  measurement  techniques,  as 
well  as  the  analytic  technique  by  which  the  photographic  data  were  re- 
duced. Similar  comparisons  for  Shots  8 and  11  appear  in  Volumes  III 
and  IV  of  Reference  8. 

3.7  Verification  of  Analytic  Models 


Because  one  of  the  major  objectives  of  Phase  II  of  the  DIPOLE 
WEST  series  was  verification  of  multiple-burst  computer  models,  the 
hydrodynamic  finite  difference  code  HULL  (Reference  10)  was  utilized 
by  the  Air  Force  Weapons  Laboratory  to  obtain  predictions  for  the  air- 
blast  parameters.  The  results  of  these  predictions,  scaled  to  the  one- 
kilogram  charge  at  sea-level  condition,  are  compared  to  corresponding 
experimental  results,  obtained  from  the  electronic  pressure  transducer 
array,  in  Figures  3.50  through  3.55.  Peak  values  of  overpressure  and 
overpressure -impulse  from  ground-level  records  for  the  two  configurations 

(Text  continued  on  page  92.) 
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Figure  3, 46 (a).  Comparison  of  Overpressures  Obtained  from  Photo gramme trie 
Analysis  with  Electronic  Gage  Results;  Lower  Stations, 
Shot  9 
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Figure  3.47(a). 

Comparison  of  Total  Head  Pressures  Obtained  from  Photo 
grammetric  Analysis  with  Electronic  Gage  Results; 

Lower  Stations,  Shot  9 
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Figure  3.49(a).  Comparison  of  Total  Head  Pressures  Obtained  from  Photo- 
grammetric  Analysis  with  Electronic  Gage  Results; 

Lower  Stations,  Shot  10 
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are  compared  with  HULL  results  in  Figures  5.50  through  3.53.  The  7.6- 
metre  (25-foot)  height-of-burst  for  the  lower  charge  (used  for  Shots  8 
and  11)  scales  to  0.93  metres,  and  the  4.6-metre  (15-foot)  H08  (Shots  9 
and  10)  scales  to  0.57  metres. 

Verification  of  the  computed  predictions  was  excellent  at  al- 
most all  ranges  where  measurements  were  obtained.  This  is  especially 
true  in  the  case  of  the  peak  side-on  overpressure  values.  Figures  3.50 
and  3.51.  The  overpressure-impulse  correlations.  Figures  3.52  and  3.53, 
are  not  quite  as  good,  especially  at  the  0.93-metre  height-of-burst. 
This  slight  discrepancy  is  probably  due  to  difficulties  in  selecting 
the  true  positive  phase  duration  accurately. 

Comparisons  of  computed  dynamic  pressures  and  dynamic  pres- 
sure impulses  with  similar  values  obtained  from  the  measurements  are 
given  in  Figures  3.54  and  3.55.  The  comparison  is  seen  to  be  fairly 
good  at  the  higher  ranges,  but  not  so  good  close-in.  An  explanation 
for  a possible  source  of  the  disagreement  is  given  in  Reference  6.  In 
the  computations,  only  the  horizontal  component  of  the  flow  is  consid- 
ered to  contribute  to  horizontal  dynamic  pressure,  and  any  vertical 
components  are  ignored.  The  total  head  pressure  probes,  from  which 
the  dynamic  pressure  measurements  are  obtained,  are  aligned  horizon- 
tally and  hence  respond  most  strongly  to  horizontal  flows.  However, 
stagnation  pressures  over  an  aspect  angle  of  ±30°  are  also  detected, 
so  a portion  of  any  vertical  flow  component  will  be  included  in  the 
measurement.  Because  of  the  elevated  locations  of  the  burst  points, 
it  is  expected  that  nonhorizontal  flow  effects  would  be  most  notice- 
able at  the  lower  ranges  and  for  greater  heights-of-burst. 

3.8  Reflection  Factors  and  Lnergy  Fields 


"Reflection  factors"  at  the  real  reflecting  surface  and  at 
the  ideal  reflecting  surface  were  calculated  for  each  of  the  four 
events  of  Phase  II.  The  reflection  factor  is  defined  as  the  ratio  of 
peak  overpressure  of  the  incident  shock  wave,  Pj  , to  peak  overpres- 
sure of  the  reflected  wave,  Pj^  . It  thus  serves  as  a measure  of  the 
enhancement  of  the  pulse  as  it  is  reflected  at  a surface. 

Values  of  Pj  used  in  determination  of  the  reflection  factors 

were  taken  from  the  "free  air"  overpressure  curve.  This  curve  has 
been  compiled  over  a number  of  years  at  BRL  using  data  from  a number 
of  test  events.  The  free  air  curve  gives  peak  overpressure  to  be 
expected  at  a specified  distance  from  a 454-kilogram  (1000-pound) 

TNT  detonation  in  the  absence  of  any  surface  interactions.  The  charge- 
weight  differences  are  accounted  for  by  scaling,  and  the  difference 
between  TNT  and  pentolite  is  neglected. 

Note  that,  as  pointed  out  in  Section  3.3,  the  double-charge 
system  of  Shots  8 and  11  acts  like  a 490-ki‘logram  (1080-pound)  charge 

(Text  continues  on  page  99.) 
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Figure  3.50.  Comparison  of  Experimental  Peak  Overpressures  with 
Those  from  HULL  Predictions;  Shots  9 and  10 
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Figure  3.52.  Comparison  of  Experimental  Peak  Overpressure-Impulses 
with  Those  from  HULL  Predictions;  Shots  9 and  10 
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Figure  3.54.  Comparison  of  Experimental  Peak  Dynamic  Pressures  and 
Dynamic  Pressure  Impulses  with  Those  from  HULL  Predic- 
tions; Shots  9 and  10 
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out  to  the  100-kilopascal  (15-psi)  level,  and  like  a 980-kilogratn 
(2160-pound)  charge  thereafter.  For  Shots  9 and  10,  the  transition 
occurs  at  about  200  kilopascals  (30  psi) . 
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Values  of  Pj^  were  taken  from  the  electronic  transducer  mea- 
surements at  the  ground  surface  and  as  near  as  possible  to  the  ideal 
reflecting  surface.  Values  of  Pj  and  Pj^  , and  the  resulting  reflec- 
tion factors,  are  tabulated  in  Table  3.1. 

Reflection  factors  from  the  table  have  been  plotted  as  func- 
tions of  ground  range  in  Figure  3.56.  No  clear  trends  are  evident 
from  the  plots  beyond  the  fact  that  the  ideal-surface  reflection  fac- 
tors seem  to  be  lower  than  those  from  the  real  surface  at  the  6.1- 
metre  (20-foot)  range,  and  higher  or  about  the  same  as  those  from  the 
real  surface  at  other  ranges . 

A source  of  error  in  the  values  of  Pj^  obtained  at  the  ideal 

reflecting  surface,  and  hence  also  in  the  reflection  factors,  arises 
because  of  the  operational  difficulty  of  securing  the  charges  at  the 
exact  heights  specified.  Because  of  this,  the  ideal  reflecting  plane 
did  not  occur  at  exactly  the  planned  height,  where  the  transducers 
were  located.  Because  for  off-plane  measurements  the  incident  and  re- 
flected pulses  are  separated  in  time  rather  than  being  superimposed  at 
their  maximum  values,  rapid  attenuation  of  measured  pulse  amplitude  is 
expected  as  the  measurement  location  moves  away  from  the  plane.  No  at- 
tempt has  been  made  to  correct  the  ideal-surface  values  of  Pj^  for 
this  error. 

Energy  fields,  that  is,  the  available  energy  per  unit  volume 
at  any  point  in  the  blast  wave  fields,  can  be  computed  from  the  infor- 
mation previously  obtained  from  photogrammetric  analysis  of  the  photo- 
graphic data.  This  has  been  undertaken  for  Shot  11,  and  the  results 
appear  in  Reference  13. 

The  available  energy  per  unit  volume  at  a point  in  the  blast 
wave  is  computed  from  known  data  using  the  equation: 

E = (P  - P ) + 4 P 

where  y is  the  ratio  of  specific  heats,  P is  hydrostatic  pressure 
in  the  gas  element  at  the  point,  and  P^  is  the  ambient  pressure  in 

ci 


13.  J.  M.  Dewey  and  D.  J.  McMillin,  "Energy  Density  Calculations: 
DIPOLE  WEST  Shot  11,"  University  of  Victoria,  Victoria,  B.  C., 
Canada,  to  be  published  by  USA  Ballistic  Research  Laboratory, 
Aberdeen  Proving  Ground,  Maryland  21005,  1978. 
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Table  3.1.  Reflection  Factors  at  Real  and  Ideal  Reflecting  Surfaces 


REFLECTION  FACTOR 


the  gas  before  arrival  of  the  blast.  Density  and  velocity  of  the  gas 
element  are  given  by  p and  u , respectively.  For  y » the  value  of 
1.4  is  used  as  a first  approximation  for  moderate  strength  blast  waves 
in  air.  The  parameters  P , p , and  u , of  course,  vary  with  posi- 
tion and  time;  in  this  investigation  they  have  been  determined  from  the 
photogrammetric  particle  trajectory  analysis. 

Examples  of  the  results  obtained  for  Shot  11  are  given  in 
Figures  3.57  through  3.59.  In  Figure  3.57,  energy  densities  calculated 
at  1.4  milliseconds  after  detonation  in  the  primary  (unreflected  or 
free  air)  region  are  compared  with  theoretical  results  for  TNT  obtained 
by  Erode  (Reference  14) . The  solid  curve  is  a profile  computed  using 
Erode 's  data,  while  the  vertical  line  represents  the  shock  front  posi- 
tion at  the  indicated  time.  Similar  results  at  other  times  after  deto- 
nation may  be  found  in  Reference  13. 

Figure  3.58  is  an  example  of  energy  density  profiles  in  the 
Mach  stem  region.  The  interaction  plane  profile  is  compared  with  the 
ground  plane  profile  in  this  figure.  These  profiles  are  taken  at  the 
time  the  shock  waves  reach  a range  of  4.83  metres;  a slight  difference 
in  the  time  at  which  the  profiles  are  taken  occurs  because  the  inter- 
action plane  Mach  stem  traveled  faster  than  the  ground  plane  Mach  stem. 
Energy  densities  for  this  figure  were  computed  from  measurements  taken 
at  0.4  metre  above  the  ground  and  at  0,4  metre  below  the  interaction 
plane. 


It  will  be  recalled  that  the  ground  surface  for  Shot  11  was 
furrowed  in  an  effort  to  make  it  rough  and  soft.  The  fact  that  the 
ground  surface  Mach  stem  was  significantly  slower  and  weaker  than  the 
interaction  plane  Mach  stem  is  presumably  due  to  energy  loss  and  re- 
distribution over  this  rough  ground  surface.  No  such  losses  would  be 
expected  to  occur  at  the  ideal  surface  interaction  plane.  It  is  not 
clear  from  the  profiles  shown  in  the  figure  whether  or  not  energy  den- 
sity differences  at  this  distance  from  the  surfaces  are  significant. 

Peak  energy  densities  at  each  shock  front  obtained  from  par- 
ticle trajectory  analysis  are  plotted  as  functions  of  range  for  the 
two  Mach  stem  shocks  in  Figure  3.59.  The  slightly  lower  values  of  the 
peaks  associated  with  the  ground  plane  shock  are  apparent  in  this 
figure . 


14.  H.  L.  Erode,  "A  Calculation  of  the  Blast  Wave  from  a Spherical 
Charge  of  TNT,"  RM-1965,  The  RAND  Corporation,  Santa  Monica, 
California,  1957  (AD  § 144302) . 
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ft  = KAEASUREP  ENERGY  PENSITY 


Figure  3.57.  Energy  Density  in  the  Primary  Wave  of  Shot  11  at  1.4  Milliseconds 
Compared  to  Erode  Profile 
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Figure  3.59.  Energy  Density  at  the  Mach  Stem  Shock  Fronts  Obtained  from  Particle 
Trajectory  Analysis 


CHAPTER  4 


VERTICALLY  SEPARATED  NON-SIMULTANEOUS  BURSTS 


The  third  and  final  phase  of  the  DIPOLE  WEST  raultiburst  series. 
Shots  12  through  16,  was  fired  primarily  in  October  and  November  of 
1974.  The  final  event  was  delayed  until  June  of  1975.  Smaller  charges, 

98  kilograms  (216  pounds)  each,  were  used  for  this  phase  as  an  economy 
measure,  but  the  configuration,  with  charges  at  4.5  and  13.7  metres 
(15  and  45  feet),  was  chosen  so  that  all  results,  when  scaled,  would 
be  comparable  to  those  of  the  larger  charge-separation  of  Phase  II. 

Phase  III  was  carried  out  using  pcntolite  charges  exclusively. 

Overpressure  and  total -head  pressure  data  from  the  events  of 
Phase  111,  plus  details  of  fielding  and  firing,  may  be  found  in  Refer- 
ence 4.  In  addition  to  a single  burst  and  a simultaneous  double  burst, 
fired  to  provide  baseline  information  and  to  check  the  accuracy  of  the 
scaling,  shots  with  non-simultaneities  of  3,  5,  and  10  milliseconds 
were  detonated.  In  each  case,  the  upper  charge  was  detonated  first. 
Subsequent  analysis  has  shown  that  a 7-millisecond  delay  event  would 
also  have  been  of  interest,  but  this  was  not  realized  in  time  to  plan 
such  an  event  as  part  of  the  series. 

As  with  the  earlier  double-burst  events,  objective  of  this 
phase  was  to  study  the  details  of  shock-wave  system  behavior  under 
conditions  of  interaction  with  a surface.  Incorporation  of  this  be- 
havior into  calculational  models  was  anticipated.  A specific  objec- 
tive in  the  study  of  the  effects  of  non-simultaneous  detonations  was 
to  determine  whether  or  not  a Mach  stem  will  form  at  the  ideal  reflec- 
ting surface  in  cases  where  the  interacting  shocks  are  of  significantly 
different  magnitudes.  Calculated  results  had  indicated  that,  for  non- 
simultaneities of  10  milliseconds  or  more,  a Mach  stem  is  not  formed. 
Instead,  the  stronger  shock  overpowers  and  engulfs  the  weaker  shock. 

It  should  be  pointed  out  that,  for  non-simultaneous  detonations,  the 
interaction  plane  is  neither  flat  nor  located  midway  between  charges 
as  in  the  simultaneous  case.  Rather,  the  interaction  plane  moves 
downward  and  takes  on  an  increasing  degree  of  curvature  as  the  non- 
simultaneity increases.  In  fact,  for  the  10-millisecond  non-simultaneity, 
the  shock  from  the  upper  charge  engulfs  the  lower  charge  before  it  is 
detonated.  In  spite  of  this,  vhe  10-millisecond  delay  event.  Shot  13, 
apparently  detonated  satisfactorily. 


4.1  Fireball  Motion 


An  interesting  sequence  of  photographs.  Figure  4,1,  demonstrates 
how  the  double  fireballs  of  this  phase  behaved  under  varying  degrees  of 
non-simultaneity.  In  each  case,  the  adjacent  edge  of  each  fireball  is 
first  flattened  by  the  action  of  the  shock  wave  from  the  neighboring 
fireball.  As  the  torusing  motion  develops,  however,  the  lower  fireball 
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Figure  4 . 1 (a) . 


Fireballs  of  Non-Simultancous  Fvcnts  at  1.5  and  6. 
Milliseconds  After  Detonation 


107 


is  drawn  upward  into  the  fireball  above  it.  This  is  probably  because 
the  upper  torus  is  more  fully  developed,  either,  in  the  non-simultaneous 
case,  because  of  greater  maturity  or,  in  the  simultaneous  case,  because 
the  lower  torus  development  has  been  retarded  by  opposing  forces  from 
the  two  reflected  shocks  (the  ground  reflection  and  the  ideal-plane  re- 
flection) . Finally,  although  it  is  not  clear  from  the  photographic 
sequences,  the  lower  fireball  is  drawn  completely  up  into  the  upper 
fireball  and  a single  fireball/torus  is  formed. 

4.2  Shock  Interaction  and  Mach  Stem  Formation 

^ The  interaction  of  shock  waves  and  the  subsequent  formation  of 

Mach  stems  in  the  case  of  non-simultaneous  detonations  are  illustrated 
in  Figures  4.2  and  4.3.  Figure  4,2  is  from  Shot  16,  the  5-millisecond 
delay  event.  Although  somewhat  distorted  by  the  non-simultaneity,  the 
shock  system  is  basically  the  same  as  for  simultaneous  events.  Mach 
stem  shocks  are  formed  both  above  and  below  the  ideal  reflecting  plane, 
as  well  as  above  the  ground.  Three  separate  triple-point  paths  are 
distinguishable. 

The  interesting  and  important  result  is  demonstrated  by  Fig- 
ure 4.3,  This  figure  is  from  Shot  15,  for  which  the  non-simultaneity 
was  5 milliseconds.  As  can  be  observed,  there  is  no  Mach  stem  formed 
on  the  lower  side  of  the  ideal  reflecting  plane,  and  only  two  triple- 
point paths  are  evident.  This  behavior  for  Shot  15  was  also  displayed 
in  Figure  1.5. 

The  lack  of  a Mach  stem  for  a 10-millisecond  non-simultaneity 
was  first  predicted  jy  hydrodynamic  calculations  with  HULL  (Reference 
10) . A later  calculation  for  a 5-millisecond  non-simultaneity  confirmed 
the  result  in  this  case  also.  This  agreement  of  calculational  and  ex- 
perimental information  represents  an  important  validation  of  hydrody- 
namic techniques  in  general,  and  of  the  HULL  code  in  particular. 

Further  details  of  the  comparison  between  calculated  and  experimental 
results  under  conditions  of  non-simultaneous  detonation  are  to  be  pub- 
lished in  Reference  15. 

4.3  Scaling  Under  Multiburst  Conditions 

Although  the  Sachs  scaling  techniques  discussed  in  Section  1.4 
have  been  widely  used  over  a niunber  of  years,  most  of  the  experience 
with  these  techniques  has  been  with  single  bursts . Effects  of  charge 
weight,  height-of-burst,  and  environmental  factors  (pressure  and  tem- 
perature) have  been  investigated,  and  Sachs  scaling  has  proved  to 


15.  C.  E.  Needham,  "Numerical  Simulation  of  Air  Blast  fron  Non- 

Simultaneous  Detonations,"  to  be  published  by  the  Air  Force  Wea- 
pons Laboratory,  Kirtland  Air  Force  Base,  New  Mexico  87117.. 
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Figure  4.2.  Interaction  of  Shock  Waves  and  Formation  of  Mach  Stems  Under 
Condition  of  3-Millisecond  Non-Simultaneity;  Shot  16 


Figure  4.3.  Interaction  of  Shock  Waves  and  Formation  of  Mach  Stems  Under 
Condition  of  5-Millisecond  Non-Simultaneity;  Shot  15 
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produce  reliable  comparisons  under  a variety  of  circumstances. 

Under  conditions  of  a double  burst,  however,  relatively  few 
tests  of  scaling  conditions  have  been  made.  In  such  cases,  the  dis- 
tance between  charges,  as  well  as  height-of-burst  and  measurement  dis- 
tances, must  be  scaled  to  the  new  charge  weight.  Shot  12  of  Phase  111, 
the  simultaneously  detonated  event  using  98-kilogram  (216-pound)  charges, 
was  a scaled  replica  of  Shot  8 of  Phase  II,  a simultaneously  detonated 
event  with  490-kilogram  (1080-pound)  charges.  The  distances  between 
charges,  9.2  metres  (30  feet)  and  15.2  metres  (50  feet)  respectively, 
and  the  distances  from  the  lower  charges  to  the  ground,  4.6  metres 
(15  feet)  and  7.6  metres  (25  feet),  scale,  within  limits  of  experimen- 
tal accuracy,  as  the  one-third  power  of  the  ratio  of  the  charge  weights. 

Under  these  circumstances,  it  is  appropriate  to  compare  the 
results  of  Shots  8 and  12,  both  scaled  to  the  same  charge  weight. 

Verification  of  scaling  was,  in  fact,  one  of  the  major  reasons  for 
firing  Shot  12.  In  Figure  4.4,  shock  wave  position-time  data  taken 
along  the  ideal  reflecting  plane  for  the  two  events  are  compared.  In 
this  figure,  both  sets  of  data  have  been  scaled  to  that  for  a 454- 
kilogram  (1000-pound)  charge.  Figure  4.5  presents  the  same  kind  of 
data  taken  along  the  real  reflecting  plane.  As  is  readily  apparent, 
excellent  correspondence  between  the  two  sets  of  data  is  obtained. 

i The  comparisons  of  Figures  4.4  and  4.5  are  taken  from  analysis 

of  photographic  data  (Reference  5) . Comparisons  have  also  been  made 
with  data  from  the  electronic  pressure  transducer  array,  as  illustrated 
in  Figure  4.6.  All  of  the  parameters  compared,  including  overpressure, 
overpressure- impulse,  pressure  pulse  duration,  and  shock  arrival  time, 
show  excellent  agreement. 

4.4  Single-  versus  Double-Burst  Effects 

In  the  discussion  of  Section  3.3,  it  was  pointed  out  that,  when 
two  charges  in  close  proximity  are  detonated  simultaneously,  overpres- 
sures measured  in  the  close-in  region  appear  to  be  generated  by  the 
single  charge  closest  to  the  ground  surface.  As  the  measurement  point 
is  moved  outward,  at  some  finite  distance  from  Ground  Zero  which  is 
dependent  on  the  height-of-burst  of  the  lower  charge  (and  also,  of 
course,  on  the  separation  distance  between  the  charges),  the  overpres- 
sure peak  values  switch  from  the  single-burst  curve  to  the  double-burst 
curve.  That  is,  the  airblast  effect  is  like  that  of  a single  source 

with  charge  weight  equal  to  the  total  weight  of  the  two  charges.  j 

In  the  case  of  non-simultaneous  detonations,  the  same  effect 
is  seen.  The  non-simultaneity  affects  the  range  at  which  the  cross- 
over from  the  single-  to  the  double-burst  curve  occurs.  As  can  be  ob- 
served in  Figure  4.7  for  overpressure,  and  even  more  clearly  in  Fig- 
ure 4.8  for  impulse,  as  the  degree  of  non-simultaneity  increases,  the 
crossover  range  moves  closer  and  closer  to  Ground  Zero.  For  the  longest 

(Text  continues  on  page  118.) 
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delay  between  detonations,  10  milliseconds,  no  crossover  is  observed: 
the  airblast  effects  are  like  those  from  a double-weight  charge  at  all 
ranges  where  measurements  were  made. 

The  reason  for  this  behavior  can  be  understood  by  recalling 
that  in  all  cases,  the  upper  charge  was  detonated  first.  Hence,  by 
the  time  the  lower  charge  is  detonated,  the  shock  pulse  from  the  more 
distant  upper  charge  has  a "head  start,"  and  it  will  catch  up  to  and 
coalesce  with  the  pulse  from  the  lower  charge  at  a smaller  ground-range. 
For  the  10-millisecond  non-simultaneity,  the  upper-charge  shock  engulfs 
the  lower  charge  at  about  the  time,  or  slightly  before,  it  goes  off, 
so  the  two  shock  systems  coalesce  very  close  to  the  origin. 
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CHAPTER  5 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  DIPOLE  WEST  multiburst  series,  consisting  of  16  events 
which  were  conducted  over  three  summer  testing  periods,  produced  a 
large  quantity  of  data.  About  950  channels  of  electronic  pressure 
records  were  obtained,  plus  a significant  amount  of  high-speed  photo- 
graphic film.  Analysis  of  this  data  has  continued  for  several  years, 
and  some  aspects  of  the  analysis  were  continuing  as  this  report  was 
being  prepared. 

From  this  analysis,  several  conclusions  and  validations 
have  been  drawn.  In  addition,  several  recommendations  for  areas  in 
which  further  study  would  be  of  interest  have  been  made.  This  final 
chapter  reiterates  those  conclusions  which  the  authors  perceive  to  be 
the  most  interesting  and  significant,  and  discusses  some  recommenda- 
tions. The  possibility  that  other  conclusions  may  be  drawn  from  the 
data  at  a later  time,  or  that  other  areas  of  interest  for  additional 
study  will  emerge,  is  not  precluded. 

Among  the  more  interesting  results  obtained  were  those  concern- 
ing the  redistribution  of  energy  in  blast  waves  as  they  pass  over  dif- 
ferent types  of  real  surfaces  and  over  ideal  surfaces.  It  seems  clear 
that  some  redistribution  occurs,  and  that  the  amount  of  energy  affected 
is  greater  for  soft,  rough  surfaces  than  for  hard,  smooth  surfaces  or 
for  ideal  surfaces.  It  is  not  clear  if  the  absorbed  energy  is  fed  back 
into  the  shock  system  from  the  ground  at  a later  time,  or  if  energy 
from  the  higher  elevations  flows  into  the  region  where  interactions 
with  the  ground  are  taking  place.  Clarification  of  the  energy  redis- 
tribution issue  awaits  more  precise  measurement  and  analysis  techniques 
with  probes  designed  to  take  measurements  within  inches  of  the  ground. 
Such  small-scale  measurement  arrays  are  planned  for  MIGHTY  MACH,  a high- 
explosive  test  series  to  be  fielded  in  the  summers  of  1978  and  1979, 

Another  significant  result  of  the  analysis  of  the  DIPOLE  WEST 
multiburst  data  was  the  development  and  refinement  of  the  photogram- 
metric  techniques.  Although  such  techniques  have  been  used  before,  the 
extent  and  sophistication  of  the  analysis  of  these  events  are  unprece- 
dented. Much  of  the  software  for  data  handling  and  correcting,  which 
will  be  useful  for  other  photogrammetric  analyses  in  the  future,  was 
developed  during  the  course  of  this  program. 

The  photogrammetric  techniques  have  proven  to  be  very  effective 
The  shock  trajectory  analysis  provided  excellent  information  for  visu- 
alization of  the  growth  of  the  triple  point,  and  for  determination  of 
the  existence  of  a Mach  stem  under  a variety  of  conditions. 

A problem  in  the  analysis  was  that  of  an  appropriate  shape  to 
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cliooso  for  tlio  Mach  stem  sliock  wave  at  the  surface.  Siii\ericaJ  ami 
cylindrical  sliapes  were  assumed,  but  neither  of  these  is  totally 
accurate.  A stronj;  recommendation  is  made  for  a theoretical  study 
of  tl\e  sliape  of  the  Mach  stem  shock  produced  by  a spherical  sliock 
wave  I'oflecting  from  a plane  surface. 

I’liotogrammetric  analysis  of  particle  trajectories  (smoke  puffs) 
produced  particle  velocity  and  density  fields  over  the  vertical  plane 
at  various  times.  These  results  were  then  manipulated  to  produce,  for 
the  first  time,  dynamic  pressure  and  energy  fields.  Although  the  energy 
calculation  requires  more  precise  uata  to  produce  useful  results,  the 
dynamic  pressures,  when  further  manipulated  to  produce  overpressure  and 
total  head  pressure  records,  provided  outstanding  agreement  with  simi- 
lar records  from  the  electronic  pressure  transducers.  This  agreement 
is  felt  to  provide  validation  of  both  data  collection  and  data  handling 
techniques . 

A third  interesting  result  was  that  of  the  airblast  at  first 
api)earing  to  arise  from  a single  charge,  and  then  later  (or,  actually, 
at  greater  ranges)  switching  over  so  that  it  appears  to  rise  from  a 
single  double-weight  charge.  The  extension  of  this  observation  into 
the  non-simultaneous  part  of  the  series  provided  insight  into  the  way 
shock  waves  of  varying  strengths  overtake  one  another  and  interact 
with  each  other. 

The  most  significant  non-simultaneity  effect  to  emerge  was  that 
of  the  failure  of  the  system  to  develop  a Mach  stem  at  the  interaction 
surface  for  non-simultaneities  of  5 and  10  milliseconds.  This  lack  of 
a Mach  stem  had  been  predicted  for  the  10-millisecond  case,  and  the  ex- 
perimental result  provided  an  excellent  validation  of  the  HULL  hydro- 
dynamic  code.  In  the  5-millisecond  case,  however,  it  was  only  after 
analysis  of  the  data  did  not  show  a Mach  stem  that  the  code  results 
were  studied  closely  enough  to  determine  that  the  Mach  stem  did  not  ap- 
pear liere  either.  For  the  simultaneous  and  3-millisecond  delay  cases, 
the  Mach  stem  was  seen  to  develop  in  the  expected  manner. 

As  was  mentioned  at  the  beginning  of  this  report,  code  verifi- 
cation was  a major  objective  and  one  of  the  main  reasons  for  fielding 
the  series.  The  validation  provided  by  the  non-simultaneous  comparison 
discussed  in  the  previous  paragraph,  plus  the  general  agreement  of 
parameters  over  all  of  the  single-  and  double-burst  events,  was  a strong 
confirmation  of  the  value  of  hydrodynamic  calculational  tecliniques,  and 
one  of  the  more  gratifying  results  of  the  undertaking. 

Qualitative  results  concerning  fireball  interaction  and  cloud 
rise  under  multiburst  conditions  were  obtained.  These  were  particularly 
interesting  in  the  case  of  ncn-simultaneous  detonations,  in  which  the 
lower  fireball  was  observed  to  move  up  and  become  part  of  the  upper 
fireball,  so  that  a single  fireball/torus  system  was  formed. 


Finally,  scaling  techniques  used  extensively  for  single-burst 
detonations  were  confirmed  to  apply  to  multiburst  situations  as  well. 
Care  must  be  taken,  of  course,  to  apply  the  scaling  to  dimensions  of 
the  configuration,  such  as  the  distance  between  charges  and  the  height 
of  burst,  as  well  as  to  all  other  parameters. 

Now  that  Mach  stem  formation  over  rough  and  smooth  surfaces 
has  been  investigated,  the  understanding  gained  might  usefully  be  ap- 
plied to  situations  of  practical  interest  for  defense  considerations. 
One  possibility  would  be  to  consider,  both  theoretically  and  experi- 
mentally, Mach  stem  formation  over  igloos,  hangars,  and  other  buried 
or  partially  buried  structures.  Spacing  of  the  structures  should  be 
considered,  as  well  as  various  configurations  of  the  multiburst  en- 
vironment. In  this  way,  information  with  direct  application  to  some 
of  the  problems  presently  faced  by  the  defense  community  could  be 
obtained. 
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